Perceived speed was measured for stimuli moving unidirectionally in apparent motion with different sampling steps. The stimuli were displayed at successive locations for very brief durations (ontime = 1 msec). The basic result is an elevation of apparent speed produced by increasing the sampling step. This speed-up effect is maximal at low speeds (2 deg/sec), then progressively decreases with higher speeds until it disappears at medium velocities (8 deg/sec). In addition, the speed-up observed at low speeds declines when the ontime is gradually increased from 1 msec to larger values, the largest one corresponding to "staircase motion". These results are consistent with models assuming that speed-encoding is based on an antagonistic comparison of the activity in two broadly tuned temporal filters (low-pass and band-pass). The high temporal frequencies introduced by motion-sampling would activate the band-pass filter relatively more and would thus produce an overestimation of apparent speed.
INTRODUCTION
Psychophysical experiments have shown that the response of the human visual system to speed is not based on the distance traversed by a moving stimulus or on its total duration. Indeed, speed sensitivity is better than duration sensitivity and is unaffected by random variations of duration (McKee, 1981; Orban, De Wolf & Maes, 1984) . This high accuracy in speed discrimination is not only true for stimuli undergoing continous motion but also for stimuli in apparent motion. In this case, the stimulus jumps between locations separated both by a spatial interval (Ax) and by a temporal interval (ISI) . McKee (1981) demonstrated that speed sensitivity for such an apparent motion was equivalent to the sensitivity for real motion until the spatial interval exceeded 15-20 min arc (0.25-0.33 deg). In McKee's display, the stimulus was illuminated for a short period (ontime =9msec) at each location. This result shows therefore that increasing the sampling step of motion within a certain range does not alter the ability of the visual system to provide a precise speed signal.
A question arising logically from this finding concerns the effect of sampling on the perceived speed of a moving stimulus. Although velocity discrimination is not altered by reducing the sampling rate, it may be possible that sampled motion appears to have a different speed than continuous motion. This problem does not seem to have been studied yet and will therefore be investigated in the present experiments.
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The cells in visual cortex which are assumed to form the basis for motion analysis are tuned for direction but not for speed. This does not mean that these cells have no preferred speed, but only that this selectivity occurs in a limited spatio-temporal frequency band. Such ceils have been observed in the visual cortex of both cats (Bisti, Carmignotto, Galli & Maffei, 1985; Holub & Morton, 1981; Morrone, DiStefano & Burr, 1986; Movshon, Thompson & Tolhurst, 1978) and monkeys (Foster, Gaska, Nagler & Pollen, 1985) . However, the information carried by a set of these motion energy detectors would be sufficient to encode speed (Adelson & Bergen, 1985) .
Some computational models assume that speed encoding relies on a comparison of activity between cells sharing the same spatial frequency selectivity but having different temporal tunings (Grzywacz & Yuille, 1990; Smith & Edgar, 1994) . This approach, along with neurophysiological and psychophysical arguments supporting it, is clearly described by Smith and Edgar (1994) . The main point is that the temporal tuning of the early motion detectors is very broad compared with their spatial tuning. In fact, there is a lot of psychophysical evidence indicating that there are only two temporal mechanisms: one is low-pass and the other band-pass with a great overlap between their sensitivity functions. This large overlap makes it possible to encode speed as an antagonistic comparison of the outputs of these two temporal mechanisms. Grossly, low speeds would activate the low-pass mechanism relatively more than the band-pass filter while the reverse would occur for high speeds. This kind of model, which takes into account the Fourier energy present in a moving stimulus, leads to FIGURE 1. Spatio-temporal frequency spectra of continous motion (left column) and sampled motion (right column) at a low speed (top row) and at a high speed (bottom row).
simple predictions for the problem studied here. The spatiotemporal frequency-spectrum of a continuously moving one-dimensional stimulus is a line impulse passing through the origin (Fig. 1 , left column). This spectrum remains the same once motion has been sampled, except for the addition of parallel replicas at intervals depending on the sampling rate ( Fig. 1 , right column).
It is important to note that decreasing the sampling rate moves the replicas closer to the origin. Given the limits of visual sensitivity, some of these replicas will be invisible to the visual system, but some others will be available to subsequent processing by the speedencoding mechanisms. According to the model described above, these additional frequencies should alter the relative activity in the two temporal channels, and thus modify the resulting speed calculated by the visual system. The results presented in this work are consistent with such a scheme in which speed-encoding relies on a comparison of activity between two broadly tuned temporal mechanisms.
VISUAL DISPLAY
Two rows of 32 light-emitting diodes (LEDs) were mounted, as indicated in Fig. 2 , in a wooden rectangular black box. The box was viewed within a rectangular aperture cut out in a black sheet (1.80 x 1 m). The lateral sides (not visible) of each LED were painted in black to avoid the diffusion of light between adjacent LEDs. The vertical distance between the upper row and the lower row was 5 mm. Each LED was 2.56 mm wide and 5 mm high. The stimuli in apparent motion were displayed in the upper row. The central LED of the lower row was illuminated during the course of the sessions, and served as a fixation point. The room was dimly illuminated. An adjustable chinrest was used to stabilize the head.
To switch the LEDs on and off, a D-to-A converter, under computer control (PC 486-AT), was used. The luminance of each LED was individually controlled by a potentiometer and set in all experiments to 57 cd/m 2. Luminance was measured in darkness for each LED with a home-made photo-multiplier calibrated with respect to a CS 100 Minolta photometer. The light output of the LEDs (time-constant of the decay: 0.12 msec) was checked by photocell (UDT PIN 10DP)--oscilloscope measurements to make sure that the actual timing of apparent motion was in keeping with the values set in the program.
Apparent motion in the upper row was achieved with successive illuminations of LEDs along this row. Different speeds of apparent motion were obtained by varying either the duration between the offset of a LED and the onset of the next to be presented (ISI) or the spatial interval (Ax) between successive presentations. The smallest Ax that could be used corrresponded to the distance between two adjacent LEDs (2.56 mm). Greater distances were integer multiples of this basic distance. At the viewing distance of 171 cm used in both experiments, this smallest spatial interval (2.56mm) subtended a visual angle of 0.086 deg.
EXPERIMENT 1

Methods
Observers. Four observers participated in the first experiment, all of them were unaware of the hypothesis under study. All had normal or corrected to normal vision.
Stimuli. Apparent motion was created on the visual display already described by illuminating each LED for 1 msec. The comparison-stimulus was defined by a Ax of 0.086 deg, the smallest spatial interval available (i.e. adjacent LEDs). The test-stimulus had a spatial interval l FIGURE 2. Representation of the visual display. Two rows of 32 LEDs, vertically superimposed, were used to produce: (a) horizontal apparent motion in the upper row and (b) a fixation point in the middle of the lower row. Table 1 . The formula used to calculate the speed was the following: speed = Ax/(ontime + ISI) (Kolers, 1972) . The sampled motions corresponding to the three conditions of spatial interval are depicted in Fig. 3 in space-time diagrams for a speed of 4.09 deg/sec.
Depending on the speed, each test-stimulus was presented for a duration that made the distance traversed approximately constant, namely 1 deg of visual angle. This latter distance was found to be the minimal value necessary for some observers to do the task. This was especially true for the condition with the largest spatial interval (Ax = 0.26 deg). In this case, a distance of less than 1 deg would have produced stimuli composed of only two or three successive presentations and would have rendered any speed-judgement very difficult. The mean durations of presentation corresponding to the speeds of 2.09, 3.07, 4.09, 6.13 and 7.81 deg/sec were respectively 500, 333, 250, 170 and 170msec. The duration of the comparison-stimulus was randomly chosen within a range of ___ 20% of the mean duration of the test stimulus. The goal of this randomization was to minimize the use of the distance traversed to estimate the speed.
The trajectory of both stimuli was centered on the middle of the display. The directions of both stimuli were independently and randomly chosen across trials.
Procedure. On each trial, the test-stimulus (of constant speed) and the comparison-stimulus were sequentially presented in random order with a temporal separation of 400 msec between them. After each trial, observers indicated which of the two stimuli had been judged faster by pressing one of two response buttons. Successive trials were separated by a delay of 600 msec.
The speed of the comparison-stimulus was modified across trials by varying its ISI so that its speed was subjectively matched with the speed of the test-stimulus. This modification of the ISI was controlled by a staircase procedure converging on the point of subjective equality [simple up-down method (Dixon & Mood, 1948) ]. For a given staircase, if the comparison-stimulus was judged faster, its speed was reduced in the next trial occurring in the staircase; otherwise its speed was increased. At the beginning of a staircase, both the comparison-and the test-stimulus had the same speed. The initial step used to vary speed was halved after the first and the second reversals in each staircase. After these two divisions, the step stayed constant at a level corresponding to 5-10% of the comparison-speed.
An experimental block consisted of three interleaved staircases each corresponding to a different spatial interval Ax of the test-stimulus (0.086, 0.17 or 0.26 deg). The interleaving was randomized with the following constraints: every 15 trials, each of the three conditions were presented 5 times, and no condition was allowed to be presented more than 3 times in succession. This permitted an homogenous presentation of the three conditions Time (msec) FIGURE 3. Space-time diagrams of the test-stimuli used in Expt 1. Apparent motion is produced by illuminating the stimulus for 1 msec at a location and displacing it across time (abscissa) and space (ordinates). Three conditions of spatial interval (Ax) are represented. In all three cases, the speed is the same (4.09 deg/sec).
I 300 across trials, without the observers being able to anticipate which condition would be presented next.
A block was ended after 10 reversals had occurred in each of the three independent staircases. The mean of the last six reversal points was taken as the 0.5 threshold (Wetherill & Levitt, 1965) .
Within an experimental session, two or three blocks corresponding to different speeds of the test-stimulus were performed. Observers performed one or two sessions a day. Each measured threshold is the mean of four or five sessions.
Results
Results are expressed in terms of relative speed against the speed of the test-stimulus. Relative speed is the speed of the comparison-stimulus at the point of subjective equality divided by the speed of the test-stimulus. The results, averaged across observers, are represented in speed than the condition of smaller Ax (0.17 deg), this effect is not significant at the 0.05 confidence level IF(l,3) = 3.21,P = 0.17]. Data for the individual observers are shown in Fig. 5 . The pattern of results described above is present for each of the four observers tested although the amplitude of the effects varies strongly between observers. This great variability between individual performances implying judgements of apparent speed has often been reported and discussed (cf. e.g. Bonnet, 1978) . It can be seen that the systematic difference between the spatial intervals of 0.17 and 0.26 deg observed in Fig. 4 is in fact mainly due to one observer (LF).
Discussion
These results are consistent with the idea that speedencoding in the visual system is based on a comparison between the outputs of two broadly tuned temporal filters, one low-pass and the other band-pass. Within any spatial frequency channel, higher relative activity of the band-pass filter with respect to the low-pass filter would be interpreted as a higher speed (cf. Smith & Edgar, 1994, Fig. 7) . Why and how would the response of such a system depend on the sampling frequency of stimuli in apparent motion? As shown in the left column of Fig. l , the spatio-temporal frequency-spectrum of a continuously moving stimulus is a line passing through the origin. The rectangular window specifies the limits of human visual sensitivity to spatial and temporal frequencies [cf. the "window of visibility" of Watson, Ahumada and Farrell (1986) ]. In the case of smooth motion, the ratio of the activities of the two temporal filters is determined, within any spatial frequency channel, by only one temporal frequency. However, in the case of sampled motion, several temporal frequencies may influence the calculation of this antagonistic comparison. This is best seen in the right column of Fig. 1 which depicts the spectrum of a sampled motion. The only difference with continuous motion (left column) is the addition of parallel replicas in the spectrum. In the example shown in Fig. 1 at a low speed (top row), only one additional replica enters the region of visibility. The important point is that this replica introduces directional energy in the region of visibility where the temporal filters responding to the stimulus' direction operate (upper-right quadrant). More precisely, the additional energy consists of higher temporal frequencies which would shift the relative activity of the temporal filters towards higher values. This would thus explain the large over-estimation of apparent speed reported here with low speeds.
What would happen if, as a result of a smaller sampling rate, the replica on the left entered the upperright quadrant, thus introducing energy at low temporal frequencies. According to our approach, this should reduce the ratio of activity between both temporal filters at least for high spatial frequency channels. Accordingly, the effect due to the high frequency replica could be either cancelled, thus producing no variation in perceived speed, or even overcome, which would result in the underestimation of apparent speed. This trend is not reflected in our data which suggests either that the spectrum of our display with its smallest sampling rate (Ax = 0.26 deg) is similar to the one of Fig. 1 , or that the energy introduced at higher frequencies more than compensates for the energy introduced at lower temporal frequencies. This latter hypothesis seems at first unlikely since sensitivity is inversely related to temporal frequency. However, it is possible that the energy at low frequency causes a saturated response that does not vary with different sampling rates. The introduction of higher frequencies would then cause the observed increase in apparent speed. Why does this overestimation of apparent speed decrease when speed is increased? There are at least two possible reasons. First, when speed is increased while keeping the sampling rate constant, as in Fig. 1 (i.e. for a given spacing of the replicas), the probability that the right-hand replica may influence the relative activity of the two temporal filters is reduced. This can be intuited by inspecting the bottom row of Fig. 1 . The lower slope due to the higher speed has two consequences: firstly, a number of spatial channels are no longer influenced by the replica and secondly, the energy introduced by the replica in the upper right quadrant is in a region of low sensitivity. The first point, which concerns the interaction of spatial channels whose responses do not signal the same speed, is quantitatively taken into account in the model of Grzywacz and Yuille (1990) . One implementation of this model, the "estimation strategy", consists in finding the centres of the motion-energy distribution for different spatial frequencies. This strategy is related to the computation using two temporal filters in the sense that in both cases the final response within each spatial channel is influenced by the introduction of higher temporal frequencies. The "estimation strategy" then computes a speed by fitting a line (which crosses the origin) through these centres of motionenergy. Therefore, in keeping with our results, this computation does predict that the speed corresponding to the spectrum in Fig. 1 (bottom right) should not be markedly misperceived. The second reason why speedoverestimation may be attenuated when speed is increased concerns the method by which physical speed was altered in the display. Indeed, for a given spatial interval, higher physical speeds were generated by decreasing the ISI. It turns out that this modification increases the rate of sampling and therefore moves the replicas further from the origin with respect to conditions of lower speed. Consequently, this greater spacing of the replicas amplifies the two effects described above and gives much less weight to the replicas introduced by sampling.
A plausible interpretation of the constancy in apparent speed when Ax is increased from 0.17 to 0.26 deg (except for LF) is that in both cases the replica introducing the highest temporal frequency within each spatial channel is in a region where the ratio of activity in both filters saturates.
Altogether, the results presented here seem to be in keeping with the predictions of current models of speed encoding which rely on the temporal information present within spatial-frequency channels (Grzywacz & Yuille, 1990; Smith & Edgar, 1994) .
EXPERIMENT 2
The speed-up effect reported in Expt. 1 seems to be caused by the higher temporal frequencies introduced in the spectrum of the stimuli by sampling their motion. One way to test this hypothesis further is to reduce (for each spatial frequency) the relative amplitude of the high temporal frequencies at a given speed. According to the hypothesis proposed here, this should result in a weaker speed-up effect.
This reduction was achieved in two ways.
(1) By using stimuli undergoing "staircase motion" (cf. Morgan, 1980) . This name is used because of the shape of the space--time diagram representing such a motion. Staircase motion contains lower temporal frequencies than sampled motion because it results from convolving sampled motion with a stair function. This convolution amounts to low-pass filtering the spectrum of sampled motion with a sinc function (cf. Morgan, 1980; Watson et al., 1986, p. 303) . (2) By increasing the ontime of each LED while keeping the speed constant (i.e. by reducing the ISI). The different ontimes used were either smaller than the ISI or equal to the ISI ("equal" condition). We predicted a decrease in apparent speed from the small ontime condition to the "equal" condition.
Stimuli and procedure
The two observers for whom the speed-up effect was greatest in Expt. 1 (DP and LF) were used in the present experiment along with two additional observers: one was naive as to the purpose of the experiment and the other was the author. The visual display was the same as in the preceding experiment. The characteristics of the stimuli were also identical except for the following points. All test-stimuli moved at the same speed (2.09 deg/sec) and were defined by the same Ax (0.17 deg), but their ontimes were different (10, 40 and 82msec). In other word, the duration between two successive onsets (SOA) was constant, namely 82 msec (cf. Table 2 ). The condition in which the ISI equals 40msec (i.e. ontime =42msec) constitutes the "equal" condition. The condition in which the ISI equals 0 msec corresponds to the so-called "staircase motion" which is often used in the literature on apparent motion.
Both the test-and the comparison-stimulus had their duration independently chosen within a range of + 20% of the mean duration (500 msec).
Apparent speed was assessed with the same procedure as in Expt 1. An experimental block consisted of three experimental conditions corresponding to the three ontimes of the test-stimuli.
Results and discussion
Relative speed of test-stimuli is plotted against the ontime of the LEDs in Fig. 6 for four observers. The data-point corresponding to the shortest ontime (1 msec) comes from Expt. 1 for observers DP and LF, but was measured in the present experiment for observers JL and EC.
The apparent speed of test-stimuli defined by a Ax of 0.17 deg is judged faster than that of a comparisonstimulus defined by a Ax of 0.086 deg in most cases. This result confirms that motion-sampling at low speeds (here 2.09 deg/sec) causes elevation of apparent speed. However, in keeping with the predictions made above, this increase in perceived speed is reduced with staircase motion and also as the ontime is progressively enhanced up to the "equal" condition (the speed being maintained constant by reduction of the ISI). Incidental observations suggest that using an ontime between the "equal" condition and the "staircase" condition produces an increase in apparent speed which is smaller than in the "equal" condition. It should be noted that in this case, i.e. with long ontimes, it is possible that the observers get a distinct stationary signal from the individual LEDs. This signal might also be responsible for the decrease in perceived speed.
As in the preceding experiment, performance shows a great variability between observers. One of these differences concerns the data obtained with staircase motion The data-point corresponding to the shortest ontime (1 msec) comes from Expt I for observers DP and LF, but was measured in the present experiment for observers JL and EC.
(greatest ontime used). In this case, all observers match correctly the speeds of the comparison-and of the test-stimuli, except observer DP for whom a speed-up effect is still present. This latter finding indicates that staircase motion is a more appropriate substitute for continuous motion than sampled motion (ontime = 1 msec) in terms of speed-encoding, at least at low speeds.
Increasing the ontime of the LEDs at each successive location also increases the overall luminance of the display (it was impossible, given our visual display, to match apparent brightness between experimental conditions). Could this variation of luminance explain our results? The effect of contrast, and not of luminance, on apparent speed has been systematically investigated by Stone and Thompson (1992) who showed that apparent speed increases with contrast. From this work, one could argue that the higher luminance in the long ontime displays leads to adaptation effects that reduce the contrast between the LEDs and the background and thus reduce perceived speed. However, in Stone and Thompson's study, the effect of contrast has a maximum amplitude (up to 50% for one observer) which is much less than the one reported here (more than 100% for two observers). Therefore, even if variations in effective contrast occur in our display, they seem unlikely to be the main reason for the variations in perceived speed reported in Expt. 2.
The results of Expt. 2 are consistent with models which encode speed by comparing the activity elicited in two broadly tuned temporal filters (Smith & Edgar, 1994) . A low speeds, higher temporal frequencies introduced by sampling would shift the ratio of bandpass filter activity to low-pass filter activity towards higher values. This shift would thus provide a greater encoded speed. In the present experiment, the relative amplitude of these higher temporal frequencies is attenuated by increasing the ontime of the LEDs. Increasing the ontime would therefore reduce the value associated with the antagonistic comparison of the two filters, and thus explain the decrease of the speed-up effect reported here.
The influence of ontime on apparent speed has already been studied by Giaschi and Anstis (1989) with very different stimuli but with similar results. In their study, two LEDs separated by a spatial interval of at least 1 deg were jumping back and forth, and most of the temporal intervals used (and the ontimes) were more than 100 msec. Given these large spatio-temporal values, the authors have interpreted their results in terms of interaction between the "short-range" system and the "longrange" system (Braddick, 1974) . Typically, in order to elicit a response from the "short-range" system, the spatial interval has to be less than 15 min arc (0.25 deg) or even slightly more (Baker & Braddick, 1982; Chang & Julesz, 1983; Nakayama & Silverman, 1984) , and the temporal interval must be less than about 100msec. Therefore, according to Giaschi and Anstis (1989) , the only function of the "short-range" system in their display would be to signal a null speed during each illumination of the LEDs. Thus, as ontime increases, the null motion signal provided by the "short-range" system would constrain the "long-range" system into underestimating its encoded speed.
Recent investigations suggest that the long-range system takes over when the temporal interval between successive exposures exceeds 40 msec (e.g. Georgeson & Harris, 1990) . Given this value, the stimuli used in Expt. 2 (the longest temporal interval is 81 msec) are likely to activate jointly the short-and the long-range systems. Therefore, the interpretation of Giaschi and Anstis (1989) may partly account for the data of Expt. 2. In contrast, the results of Expt 1 are not readily explained in terms of an interaction between the shortand the long-range systems. Indeed, it is difficult to see why increasing the relative influence of the long-range system should enhance apparent speed by such a large amount. The "two temporal filters" model offers a more parsimonious account of the overall pattern of results presented in our two experiments.
Finally, it should be noted that Expt 2 extends the work of Giaschi and Anstis (1989) in two ways. First, the main advantage of our display is the use of several successive presentations along a single trajectory. Many authors have noticed that the sensation of motion, and especially its subjective quality, improves by increasing the number of successive frames (e.g. Sperling, 1976) . More specifically, McKee and Welch (1985) pointed out that speed encoding, which is the dimension of interest here, becomes optimal when this number reaches about 5 frames. Second, our study shows that the effect of ontime reported by Giaschi and Anstis (1989) with very large spatio-temporal parameters also occurs for much smaller ones (highest intervals: Ax =0.26deg and ISI = 81 msec).
GENERAL DISCUSSION
The perceived speed of briefly flashed stimuli (1 msec) undergoing apparent motion was measured for different spatial and temporal intervals between successive presentations (Ax and ISI). The results show that increasing these spatio-temporal intervals while keeping physical speed constant produces an enhancement of apparent speed at low velocities. This speed-up effect is reduced with increases in speed and disappears at about 8 deg/sec in our display. Moreover, the elevation in apparent speed obtained at low speeds is reduced by increasing the ontime of each successive illumination of the moving stimulus. When the ontime equals the stimulus onset asynchrony (SOA), i.e. for the so-called "staircase motion" (cf. Morgan, 1980) , the speed-up effect is abolished for three observers and weakened for one.
Altogether, these results are consistent with models which assume that speed is associated with the difference (or ratio) of activity between two broadly tuned temporal filters operating within finely tuned spatial frequency channels (Smith & Edgar, 1994) . According to this kind of model, one filter is low-pass and the other is band-pass. Low speeds correspond to a higher relative activity of the low-pass filter with respect to the bandpass filter, and high speeds produce the opposite pattern of response. According to these models, the overestimation of apparent speed reported here results from the influence of high temporal frequencies introduced by cruder sampling. These higher frequencies produce more relative activation of the band-pass filter, and thus an over-estimation of apparent speed. Given the overall spatio-temporal sensitivity of the visual system, the probability that higher temporal frequencies due to sampling will be visible or will have high amplitudes is greater at low speeds than at high speeds. Accordingly, the results show that the largest speed over-estimation occurs at low speeds, while this effect is reduced with higher speeds and eventually disappears.
The temporal filters approach has also received important psychophysical support from a series of studies bearing on the apparent speed of stimuli after adaptation to motion. Typically, the apparent speed of a moving test-grating, between 2 and 8 deg/sec, is under-estimated after adaptation to gratings whose speed lies between 1 and 40deg/sec (Smith, 1985 (Smith, , 1987 Thompson, 1981) . This may result from the reduced relative activity of the band-pass filter which has been most affected by adaptation. One prediction of this model is that apparent speed should increase after adaptation to very slow speeds for, in this case, the low-pass filter would be the most affected by adaptation. This over-estimation of apparent speed has recently been demonstrated by Smith and Edgar (1994) who also presented a computational model able to simulate all the effects of adaptation described above.
Another recent psychophysical study suggests the same kind of model for speed encoding (Treue, Snowden & Andersen, 1993) . These authors measured the perceived speed of unidireetionaly moving random-dot patterns with different amounts of transiency. They changed the amount of transiency and thus the temporal frequency content of the stimuli by changing the lifetime of individual dots. Their basic result is that reducing life-time, and thus introducing higher temporal frequencies in the spectrum, produces an increase of apparent speed. There is an important resemblance between their results and the present ones: the speed resulting in the largest speed-up effect in their work is a low one (4 deg/sec), and this effect disappears with a medium speed (12deg/sec). Thus although the stimuli and the parameters under control are quite different in both studies, it seems that the effects reported may be explained in the same way in both cases. These authors have emphasized that the "estimation strategy" in the model of Grzywacz and Yuille (1990) was one possible implementation of the two-filters hypothesis, and could therefore predict their results.
Another interesting finding in Treue et al.'s (1993) study is the increase in apparent speed obtained by adding some stationary points of short lifetime in their stimuli. It seems that the temporal energy introduced by these transient points, although non-directional, is however "captured" by the moving pattern and produces an overestimation of apparent speed. This involvement of non-directional mechanisms in speed perception is also indicated by other studies. Smith (1985) demonstrated that the apparent speed of a test-grating is underestimated after adaptation to a homogenous field flickering between about 1 and 13 Hz. A similar finding was obtained by Anstis (1988, p. 246) using random dots as a test-stimulus.
The present work is another example of the advantage of examining sampled motion in terms of its spatial and temporal frequencies. Morgan (1979 Morgan ( , 1980 has suggested that apparent motion could be considered as indistinguishable from continuous motion to the extent that the visual system showed low-pass temporal filtering. Fahle and Poggio (1981) have applied such a frequency analysis to moving hyperacuity targets. Similarly, it has been proposed that sampled motion and continuous motion have the same appearance when the spurious frequencies introduced by sampling (the replicas) are not visible (Burr, Ross & Morrone, 1986; Watson et al., 1986 ). The present study shows how replicas, which have not completely been filtered out, might be able to bias the perceived speed of sampled motion.
